Introduction
Microelectrodes are due to their well-defined geometry considered very suitable for detailed studies on solid oxide fuel cell (SOFC) electrodes which otherwise possess a complex microstructure.
There has been quite a number of research works carried out on oxygen reduction reaction kinetics on LSM microelectrodes. Brichzin et al. (1) studied the dependence on diameter and thickness of the polarization resistance (R p ) of lanthanum strontium manganite (LSM) microelectrodes on YSZ prepared by pulsed laser deposition (PLD) and photolithography. The electrical characteristics of the LSM microelectrodes were measured by impedance spectroscopy and i-V measurements at 800 °C in air. From the dependency of R p on the microelectrode diameter it was concluded that at cathodic polarization the entire electrode area was active, whereas the electrode reaction was confined to the triple phase boundary in the anodic region. Later Fleig et al. (2) studied atmosphere dependence of R p for (La 0.8 Sr 0.2 ) 0.92 MnO 3 microelectrodes on YSZ with diameters ranging from 20-100 µm and thicknesses of 100 or 250 nm. Electrochemical characterization was carried out at 800 °C in four different atmospheres, with pO 2 ranging from 2×10 -5 bar to 1 bar. They concluded that the total R p consists of contributions from oxygen exchange on the LSM surface and ion transport through the LSM electrode. The oxygen exchange resistance decreases with increasing pO 2 while the transport resistance increases with increasing pO 2 . Accordingly, the rate-limiting step of the oxygen reduction reaction depends on the partial pressure with the surface resistance being limiting for low pO 2 and ion transport for high pO 2 . la O' et al. (3, 4) studied thickness dependence of the polarization resistance of LSM microelectrodes. They concluded that the surface oxygen exchange and mixed bulk/triple phase boundary (TPB) charge transfer process control oxygen reduction reaction kinetics at high and low temperatures, respectively. Previously (5) initial results on electrochemical characterization of the microelectrodes were reported. In the present work we investigate in more detail the influence of both pO 2 and polarization on the electrochemical characteristics of LSM microelectrodes with a dedicated controlled atmosphere high temperature scanning probe microscope (CAHT-SPM) where in operando conditions can be obtained. Before and after the measurement sequence the surface composition of the electrodes was analyzed ex situ by scanning electron microscopy (SEM) and time-of-flight secondary ion mass spectrometry (TOF-SIMS) to investigate electrochemically and thermally induced compositional and microstructural changes. Changes in the conductance from the as sintered microelectrodes to the electrochemically characterized were mapped by CAHT-SPM at 650 °C.
Experimental
Preparation of LSM microelectrodes. − Circular substrates of 8 mol% yttria stabilized zirconia (YSZ) (TZ8Y, Tosoh Corporation) were sintered at 1500 °C in air for 2 hours. A final diameter of 10 mm was obtained. The substrate surface was polished before deposition of an LSM film by PLD.
The LSM target (fabricated in-house) used for the deposition had a nominal composition of (La 0.75 Sr 0.25 ) 0.95 MnO 3 and was sintered at 1200 °C in air for 2 hours. Prior to the deposition, the YSZ substrates were heated to 650 °C with a rate of 10 °C per minute under vacuum conditions (1×10 -6 mbar). The deposition took place at a repetition rate of 15 Hz, a target-substrate distance of 5.5 cm, and a laser fluence of 4 J cm -2 . The thickness of the LSM film was measured by a Dektak profilometer (V200-Si, Veeco) to around 500 nm ( Figure 1a ). Scanning electron microscopy (SEM, Zeiss Supra) of the cross section of the LSM film ( Figure 1b ) shows that the deposited film is dense and gas tight. The deposited LSM film has a grain size of less than 100 nm.
The LSM microelectrodes were prepared by photolithography (6) . After etching in HCl, differently sized circular LSM microelectrodes were left in the center of the YSZ substrate along with areas ~2×2 mm LSM for counter electrodes between the microelectrodes and the edge of the pellet. As the counter electrode area is 500 times that of the largest microelectrodes the counter electrode polarization is considered negligible in the electrochemical measurements.
The LSM microelectrodes were sintered at 1000 °C in air for 5 hours. The sizes of the microelectrodes were measured by optical microscopy, and they were further characterized by SEM (Zeiss Supra) without carbon coating by using an acceleration voltage of 3 kV to avoid charging. Xray diffraction showed only peaks corresponding to YSZ and LSM, and the LSM phase was well crystallized. Atomic force microscopy (AFM, DualScope DS95-50, DME Danish Micro Engineering A/S, Denmark) was used to characterize the surface morphology of the microelectrodes. Figure 2 presents AFM images of a 50 µm diameter LSM microelectrode. The images confirm that the LSM microelectrodes are dense. The outer ~2-4 µm of the microelectrodes slope towards the substrate with an angle of 5-10°.
Electrochemical Characterization. − The electrochemical measurements were carried out using a CAHT-SPM ( Figure 3 ) (CAHT-2, DME Danish Micro Engineering A/S, Denmark). CAHT-2 is described in details elsewhere (7) and works basically as a normal atomic force microscope where the probe can either be scanned over an area or it can be placed in a selected location to perform local measurements, such as electrochemical impedance spectroscopy. The sample can be heated to around 850 °C. The experiments were conducted over several days and in between the experiments the samples were cooled to room temperature. The heating and cooling rate was always 20°C/min. The sample temperature was measured during a separate calibration test by a thermocouple placed on the sample surface with an estimated error of ±15 °C. The sample chamber can be flowed with a controlled atmosphere, which in the present experiments was either dry nitrogen (99.999% N 2 ), dry oxygen (99.9% O 2 ) or a mixture of 80 % N 2 and 20 % O 2 to produce clean, artificial air. A pO 2monitor is connected to the gas outlet and the gas composition could thus be verified based on the resulting voltage. Dry nitrogen results in a pO 2 of 1×10 -4 bar. The sample chamber pressure is always 1 atm. In-house fabricated conductive probes with a diameter of up to a few micrometers, made from a Pt 0.8 Ir 0.2 alloy, were used to contact selected LSM microelectrodes. The electrical characteristics of the LSM microelectrodes were determined by performing cyclic voltammetry where the voltage was swept from 0 V to 350 mV to -350 mV and back to 0 mV with a sweep rate of 1 mV -s , followed by electrochemical impedance spectroscopy under polarization. A series of impedance spectra was acquired at polarizations ranging from 100 mV to 350 mV or -100 mV to -350 mV in steps of 50 mV. The cyclic voltammetry and impedance spectroscopy was performed with a Gamry Femtostat potentiostat in the frequency range from 80 kHz to 0.1 Hz, or lower, with 6 points per decade and an AC voltage of 10 mV. As a consequence of the uncertainty on the surface temperatures, the temperature values reported previously (5) have been rounded off in the present paper. Also, the impedance measurements have been reevaluated on the basis of a simplified equivalent circuit.
TOF-SIMS analyses. − The TOF-SIMS analyses were performed using a TOF-SIMS IV (ION-TOF GmbH, Münster, Germany). Ion images were acquired covering 150×150 μm 2 and 50×50 μm 2 areas of the sample surfaces by employing 100-ns pulses of 25 keV Bi + at a repetition rate of 10 kHz yielding a target current of ≤10 fA with a ~200 nm image resolution. A 750×750 μm 2 surface area surrounding each analysis position was sputter cleaned prior to analysis using 30 nA of 3 keV Xe + for 45 seconds in order to remove adventitiously adsorbed hydrocarbons on the surfaces. Electron bombardment (20 eV) was used to minimize charge build-up at the surface. Desorbed secondary ions were accelerated to 2 keV, mass analyzed in the flight tube, and post-accelerated to 10 keV before detection.
Conductance mapping. − The conductance of the microelectrodes was measured with CAHT-2 or CAHT-1 (8) . The samples were mounted with springs on the hot plate and a counter electrode was attached to a corner of the sample. Topography and conductance maps were obtained simultaneously in contact mode with a Pt-Ir probe at lowest possible force at a surface temperature of 650 °C in air. The conductance maps were acquired by applying an AC signal at 10 kHz and 0.5 V rms to the probe and measuring the resulting current with a Stanford SR830 lock-in amplifier. A 1 MΩ resistor was inserted after the counter electrode to avoid overload of the current amplifier.
The measured conductance is defined as the three-dimensional "10 kHz conductance" from the CAHT-SPM tip though the LSM layer (if on the microelectrode) across the interface and into the electrolyte. In Figure 4 the current distributions in the cases of measurements on the electrolyte and on the surface of a highly conducting microelectrode is shown. Since the volume elements along the current lines are in series, their contributions to the overall resistance are weighted by the local current density times the resistivity of the elements. Thus, a point measurement on the electrolyte surface mainly reflects the conductivity of a volume element below the surface with dimensions of a few radii of the tip-surface contact area. In contrast, on the microelectrode the high lateral conductance will result in a current distribution on the electrode-electrolyte interface that is almost uniform except along the TPB, irrespective of the position of tip.
The intension with these measurements is to map the electrode surface and near surroundings in order to give an impression of how the "simple" conductivity from all TPB points, with a minimum of Faradaic contributions to the resistance, is distributed over the electrode surface before and after the experiments. The conductance, σ, was calculated as the ratio of the in-phase current and the output voltage. Although this quantity includes the effect of the series resistor, it is used in the following to avoid infinite conductances in the graphs. The actual tip-surface conductance, σ', can be calculated from the σ values as σ'=1/(1/σ -10 6 Ω).
Results
Impedance at Open Circuit Voltage (OCV). − As described by Fleig et al. (2) , the overall oxygen reduction reaction on thin LSM electrodes is a combination of two reaction paths. One is the surface reaction path where oxygen which is dissociated and reduced to oxide ions on the LSM-gas interface, diffuses through the LSM and is transferred to the YSZ electrolyte, and second is the parallel TPB path that prior to the charge transfer reaction may involve surface diffusion of adsorbed species to the TPB. A detailed description of these reactions would result in a fairly complex equivalent circuit. However, the actual spectra are relatively simple and do not justify the presence of more than a few components. Therefore the reduced circuit shown in Figure 5a As seen in Figure 5b , the high frequency intercept, R s, is very small compared to the overall resistance of the electrode reaction R p = R c + R O . For a planar circular disc electrode on a solid electrolyte surface the electrolyte resistance is (9, 10):
where d is the diameter of the microelectrode and σ ysz is the ionic conductivity of the electrolyte. To check the functionality of the whole set-up, the ionic conductivity of the YSZ was calculated from Eq. 1 using the R s values obtained by fitting the equivalent circuit to the experimental data shown in Figure 5b . The resulting values ranged from 9.3·10 -3 to 5.1·10 -2 S/cm, and an activation energy for the ionic conduction of the YSZ of 0.86 ±0.03 eV in the temperature range of 660-850 °C was determined, i.e. the results are in good agreement with literature values (11) (12) (13) . where d is the electrode diameter. In the case of a pure TPB reaction α = -1, whereas α = -2
indicates that the reaction is taking place at the LSM-YSZ interface. Figure 6d Impedance under polarization. − In order to investigate how the impedance of the LSM microelectrodes is influenced by polarization, measurements were carried out on 50 µm diameter LSM microelectrodes at 850 °C in pure oxygen under polarization. Figure 7 shows the resulting impedance spectra. With anodic polarization the spectra tends to separate into more distinct high and low frequency regions. The electrode polarization resistance is seen to decrease in the anodic as well as the cathodic region, and as shown in Figure 7d , log(R p ) show linear dependencies of the electrode potential in both regions.
Voltammetry. − Cyclic voltammetry was carried out in the potential range 350 mV to -350 mV with a sweep rate of 1 mV s -1 . Figure 8a shows the last of three cycles measured on LSM microelectrodes with diameters ranging from 20 to 100 µm at 850 °C in N 2 (pO 2 ≈ 10 -4 bar). At this sweep rate the curves exhibit a significant hysteresis, inductive at negative potentials and capacitive in the positive potential region.
As accentuated in Figure 8b , the 20 and 50 µm electrodes show a pair of minor peaks, a cathodic peak close to -300 mV and an anodic peak slightly above 200 mV. Similar peaks have previously been observed for LSM containing an excess of manganese and ascribed to the reaction (17):
From thermodynamic data (18, 19) the equilibrium potential for the couple is calculated to -0. To obtain the relative current contributions from the TPB and the surface reaction paths their scaling properties with respect to the electrode dimension are utilized in a way slightly different from the procedure used for the polarization resistance in Figure 6d . It is assumed that the current can be written as the sum of the TPB and the area dependent contributions, i.e. = + = • + • 2 [3] where d is the electrode diameter. The coefficients a and b were determined for a number of potential values from the sweeps in Figure 8a by linear regression. The relative contribution from the TPB path to the total current can be calculated as:
The results calculated for the 100 µm electrodes are shown in Figure 8c . As the sweeps show pronounced hysteresis indicating that a steady state has not been achieved, the relative uncertainty of the current values is very large for the small currents close to the equilibrium potential.
Therefore, values calculated for the potential region -100 -100 mV are not representative and have been omitted.
The general trend in Figure 8c is that the TPB reaction is dominating at high positive potentials, whereas the surface distributed path supplies most of the current at low potentials. The values obtained, in particular in the cathodic region, show a substantial hysteresis, reflecting the decrease in electrode activity in the anodic region and a slow activity increase in the cathodic sweep.
Because of the slow changes in electrode activity the current distributions found when moving from the polarized states towards equilibrium are most likely closer to the steady state than those determined for increasing polarization. The smoothed blue line in Figure 8c is therefore believed to be a reasonable depiction of the steady state partitioning between the TPB and the surface pathways.
In Figure 8d the sweep current for the 100 µm electrode has been split into contributions from the TPB path and the bulk path. Like Figure8d it demonstrates that the bulk path is dominating in the cathodic regime whereas the TPB path dominates at large anodic overvoltages, but it is surprising that the TPB path and the bulk path tend to be to be almost closed in the cathodic and the anodic range, respectively.
Obviously, the separation procedure, based on only three experimental values at each potential, has some uncertainty. From the results of the regression it is estimated to be up to 10 nA at high anodic overpotentials and below a 2 nA in the cathodic range, so the picture of a paths opening in one current direction and closing in the other could indicate that also current transferred accumulation/depletion of components at the TPB may play a role. In the following, electrochemically characterized microelectrodes are either electrodes where impedance spectroscopy at OCV has been performed, or microelectrodes that were polarized during impedance spectroscopy or in cyclic voltammetry measurements. A common feature for these electrodes is that the contact area where the probe has touched the electrode seems more porous than the surrounding area (Figure9d, e and f). The changes are more severe for electrodes that were polarized and where cyclic voltammetry was performed, and weaker for electrodes subjected to OCV conditions only. For some microelectrodes a part of the electrode adhered to the probe and it was torn out leaving a fracture when the probe was lifted after the measurement. Other electrodes have holes not indicative of fracture (Figure 9e ). In all cases where microelectrodes have been exposed to elevated temperatures in CAHT-2 the microelectrode edge is dark in the Mn images, showing lack of Mn in this region, and similarly Mnpoor particles are found on the electrode surface. Figure 11 shows TOF-SIMS images of the edge and the particles of the cathodically polarized microelectrode (C350) from Figure 10 . It is recognized that both the edge and the particles are Mn-poor and La-and Si-rich compared to the surrounding electrode surface.
Time
Several impurity elements such as Na, K, Si and Ca were present on the surface after sintering and electrochemical experiments in CAHT-2, as a covering layer, discrete particles or as a ring located at the TPB region. The distribution of the elements changed during exposure to temperature and atmosphere in CAHT-2 ( Figure 12 ). Na was initially located as particles on the substrate surface and on the electrode surface, and after the electrochemical experiments it was mainly found on the substrate surface and in the contact points. Si had initially segregated to the TPB region during the heat treatment but was later found both in the contact area and also on the substrate. The Si ring has a width of 2-3 µm according to TOF-SIMS images of 100, 50 and 20 µm electrodes. Na and Si were distributed differently on YSZ grains with different crystallographic orientation, as can also be observed for the OCV microelectrode in Figure 12 .
Conductance mapping. − As expected from the current distribution shown in Figure 4 the assintered microelectrodes typically show a uniform and high conductance distributed over the electrode surface (Figure13 a) , whereas the microelectrodes that were exposed to elevated temperatures and changing atmospheres in CAHT-2 show areas of both high (yellow areas) and low conductance (blue areas)( Figure 13b) . The low conductance areas are seen both on the electrode surface, and at the perimeter, where the outer few microns of the microelectrodes seem to have a lower conductance than the surrounding YSZ. Additionally, a part of the LSM is missing (Figure   13b , arrow) which was torn out when the probe was lifted after impedance spectroscopy, and the lower conducting YSZ below shows up as the blue area.
Discussion
The sintering of the microelectrodes for 5 hours in air at 1000 °C resulted in some morphological changes including formation of a secondary phase, but before exposure to temperature and atmosphere variations and electrochemical measurements in CAHT-2, the surface distribution of La, Mn and Sr was relatively homogeneous as shown by the TOF-SIMS data in Figure 10 .
Impurities present in the system are mobile and are quickly redistributed during heat treatment. The surface composition of LSM after heat treatment in various atmospheres was investigated by X-ray photoelectron spectroscopy (XPS) by Knöfel et al. (21) . No significant changes were detected after 13 days at 1000°C in dry air. In dry nitrogen Sr enrichment was found, pointing to a larger influence of low pO 2 on the surface composition.
The microelectrodes were subsequently subjected to a variety of conditions during the many hours of measurements in CAHT-2, spanning from temperature changes to atmospheric changes and polarizations. As Mn segregation from the electrode to the YSZ surface occurs also for samples that were not polarized it indicates that this may originate mainly from high temperature and atmosphere exposure, as also observed previously (22, 23) . However, the difference in Mn intensity outside the electrode observed for the anodically and cathodically polarized electrodes ( Figure 10 However, Figure 6d shows that in oxygen and air the electrode polarization resistance determined from the impedance is inversely proportional to the electrode diameter corresponding to a reaction at the TPB being dominating. If the TPB is not coinciding with the original perimeter then at least its length scales with the electrode diameter. Thus, there is not a significant contribution from inner TPB zones or, as comparison of Figure 9b and c could indicate, the TPB zones are confined to a zone of a few micrometer along the edge and therefore giving a TPB length proportional to the electrode perimeter.
In general the microelectrodes show substantial changes in chemical, microstructural and electrical
properties as a result of the experimental conditions both at the TPB and the electrode surface.
Microstructural changes were not previously observed on LSM microelectrodes (2) except for the formation of bubbles at strong anodic polarizations (1, 25) and coarsening (25) .
In nitrogen with ca. 10 -4 bar O 2 the value of α = -1.66 indicates a substantial contribution from the interfacial reaction. Comparing these results with the dependencies determined in Figure 8c unity could be interpreted as Tafel slopes for a two-electron transfer reaction, the fact that they are observed in the potential region usually considered as linear with respect to the current-voltage relation is more likely to point towards an activation mechanism induced by secondary processes.
As dU/dlog(R p ) is found to be in the order of ln(10)RT/F, a property like the thermodynamic change in the Mn +4 /Mn +3 might be the reason. However, the sign of the slope changes at the equilibrium potential and the decrease in polarization resistance must therefore be caused by the overvoltage or the current itself. A similar non-linear activation mechanism, still not understood, has previously been observed for LSM (26) as well as Pt point electrodes on YSZ (27, 28) .
The order of magnitude of the calculated area-specific capacitance of 100 µF cm -2 and 1 mF cm -2 for the high and low frequency arc, respectively, points to the LSM-YSZ interface for the high frequency arc(s) and changes in the LSM stoichiometry for the low frequency arc. The value for the change in stoichiometry, the chemical capacitance, is in close agreement with the 400 µF cm -2 determined by Fleig et al. (2) for an LSM electrode with a thickness of 250 nm, i.e. half the thickness of the electrodes in the present work. (29) .
Conclusion
The influence of oxygen partial pressure and polarization on the electrical characteristics of LSM microelectrodes was investigated. Circular LSM microelectrodes with a nominal composition of (La 0.75 Sr 0.25 ) 0.95 MnO 3 were prepared on polished YSZ pellets. The electrochemical measurements were carried out using a CAHT-SPM for contacting the electrodes and for impedance spectroscopy and cyclic voltammetry at different temperatures in air, N 2 and O 2 . Below OCV, the polarization resistance of the LSM microelectrodes scales with the inverse of the microelectrode diameter in air and pure oxygen, while in N 2 with pO 2 ≈ 10 -4 bar it scales more with the inverse of the electrode area though only completely at cathodic polarization corresponding to pO 2 = 10 -6 bar or lower. This transition from a TPB constricted reaction zone at high oxygen partial pressures to a reaction covering the entire electrode at pressures where the LSM is oxygen deficit is confirmed by cyclic voltammetry. Microelectrodes may be a good way of studying electrode materials; however, fabrication of microelectrodes with properties comparable to realistic electrodes is a challenge. The present study shows that although microelectrodes have a simple geometry they are not ideal homogeneous entities, and to elucidate the electrochemical properties of the TPB supplementary structural and compositional information is definitely required. 
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